INTRODUCTION
============

A spinal cord injury in the upper sacrum can block sensory information from the micturition center to the brain and descending motor information from the brain to the micturition center. When the brain is unable to control the micturition center in patients who have suffered a spinal cord injury, the micturition center works independently, resulting in non-voluntary bladder contraction, also known as an overactive bladder \[[@B1]\].

The storage and excretion of urine in the bladder is controlled by interactions among three nerves in the lower urinary tract (the parasympathetic, sympathetic, and somatic nerves) and the central nervous system. Contraction of the bladder is dominated by the parasympathetic nervous system, with acetylcholine as the mediator of the muscarinic receptors in the bladder. The storage of urine and relaxation of the bladder is stimulated mainly by the sympathetic nervous system, mediated by adrenergic receptors.

In an animal model, it has been reported that the activation of C-fibers and changes in the muscarinic receptor in the bladder may cause non-inhibitory and non-voluntary bladder contractions after a spinal cord injury \[[@B2]\]. Changes in muscarinic receptors in the bladder after a spinal cord injury are known generally to be caused by changes in the sensitivity of the receptors and an increased density of the M2 receptor due to a subtype change, from M3 to M2 \[[@B3]\]. Adrenergic receptors include α- and β-receptors. Adrenergic α-receptors are usually found in the urethral muscle and the vesical trigone, but are rare in the detrusor. The symptoms of overactive bladder are caused by changes in the sensitivity of the α~1D~-adrenergic receptor in the detrusor or direct instability of the detrusor.

An overactive bladder causes micturition disorders, affecting urinary frequency and incontinence. The primary drugs for treatment are anti-cholinergic agents; α-blockers are also used. α-Blockers, including tamsulosin, are known to be effective in benign prostate hyperplasia and to decrease urinary function after a spinal injury \[[@B4]\].

Additional effects of tamsulosin on the smooth muscle in the bladder, peripheral ganglion, and spinal cord have been reported. Price \[[@B5]\] reported that tamsulosin not only improved micturition, by working in the lower urinary tract, but also blocked the α~1D~-adrenergic receptor in the detrusor during the bladder filling period, to help store urine and decrease the sensitivity of the bladder. The same report added that tamsulosin decreased the secretion of acetylcholine in the peripheral cholinergic nerve in the bladder or the peripheral ganglion, eventually decreasing non-voluntary contraction of the bladder.

Given this background, the sensitivity of the bladder in a spinal injury model was investigated using an *in vitro* organ bath study and *in vivo* awake internal bladder pressure measurements. Moreover, changes in the activities of pERK1/2, rho-kinase, and acetylcholine in the bladder were investigated after the injury, and the effects of different subtypes of muscarinic receptors on bladder contraction and of early tamsulosin treatment on the changes in an overactive bladder caused by spinal injury were investigated.

MATERIALS AND METHODS
=====================

Experimental animals and spinal cord injury
-------------------------------------------

Animal experiments were performed in accordance to the institutional guidelines provided by the Committee on Animal Research at Wonkwang University. Efforts were made to minimize both animal suffering and the number of animals.

We purchased 45 female Sprague Dawley rats, weighing 250-270 g, from Samtaco (BioKorea, Osan, Korea). They were divided into three groups: a group with no surgical intervention (CON group, n=12), a spinal injury-induced group (SCI group, n=12), and a SCI+tamsulosin treatment group (SCI+TAM group, n=21). All surgical procedures were performed by the same investigator. All rats received 300 mg/kg chloral hydrate to induce anesthesia. Complete spinal cord transection was performed at the T10 vertebral level. After the completion of all surgical procedures, the surgical area was sterilized. Gentamicin (100 mg/kg) was injected intramuscularly for 5 days to prevent wound infection.

Insertion of a catheter into the bladder
----------------------------------------

For the polyethylene catheter insertion, the rats were anesthetized intraperitoneally, and an incision was made to locate the catheter in the bladder dome 5 days before the spinal damage. The catheter exited through the subcutaneous cavity on the back of the rats. Cystostomy was performed in all animals, and a spinal injury was introduced 5 days after the animals were well stabilized. The animals in the SCI+TAM group were injected with 0.1 mg/kg of tamsulosin intraperitoneally, twice per day for 7 consecutive days. Their internal bladder pressure was measured while they were conscious 7 days after the spinal injury. Then, they were sacrificed to investigate bladder function, and an organ bath study was conducted. The catheter for the measurement of the internal bladder pressure was inserted 5 days before the spinal injury, as mentioned above \[[@B6]\].

Drugs
-----

The acetylcholine M2 receptor antagonist 11-\[\[4-\[4-(diethylamino) butyl\]-1-piperidinyl\]acetyl\]-5,11-dihydro-6H-pyrido\[2,3-b\]\[1,4\]benzodiazepin-6-one (AQ-RA741) and the M3 receptor antagonist 1,1-dimethyl-4-diphenylacetoxypiperidinium iodide (4-DAMP) were purchased from Sigma (South Croydon, Australia). For tamsulosin (Astellas Pharma Inc., Tokyo, Japan), 0.1 mg/kg was injected intraperitoneally every 12 hours for 7 days in the SCI+TAM group.

Organ bath study
----------------

All rats were sacrificed by cervical dislocation 7 days after the spinal injury. The abdomen was opened to extract the bladder. The specimens were sectioned vertically, and part of the detrusor was placed in an organ bath filled with oxygenated Krebs solution (95% O~2~, 5% CO~2~) at 37℃.

The detrusor was cut into 1-cm sections. One edge of the section was fixed at the base of the organ bath, and the other edge was connected to a force transducer (FT03; Grass Technologies, Warwick, RI, USA). The preload tension was adjusted to 1 g. The tissue samples were stabilized for at least 60 minutes to achieve consistent contraction, and the degree of contraction was recorded regularly. Various concentrations of acetylcholine (10^-9^ to 10^-4^ M) were administered continuously, and the contractions were recorded according to the concentration of acetylcholine. Other tissue samples were pre-treated with M2 and M3 receptor antagonists, and the area under the curve (AUC) immediately before the administration of acetylcholine (ACh) and until 5 minutes after the administration was obtained by applying a higher concentration of acetylcholine to compare the contractility of the samples.

All data were recorded using a PowerLab data acquisition system (AD Instruments, Sydney, Australia).

Western blot analysis
---------------------

The expression levels of phosphorylated extracellular signal-regulated kinases 1/2 (pERK 1/2) and rho-kinase were measured using Western blot analysis. Bladder tissues were washed with phosphate-buffered saline, and approximately 5 g tissue was added to lysis buffer (20 mM Tris-acetate, 10 mM NaCl, 0.1 mM EDTA, 1 µg/mL aprotinin, pH 7.4) and homogenized. The samples were then centrifuged (12,000 rpm, 30 minutes), and the cytosolic fraction was obtained. The protein concentration was estimated using the Bradford method, with bovine serum albumin (BSA) as the standard. The protein concentration of all samples was adjusted so as to apply the same amount of protein. Sample buffer was added to the samples, the mixture was boiled at 100℃ for 5 minutes, and proteins were separated by electrophoresis. The gels were then stained with Coomassie brilliant blue R-250 for 1 hour. Then, the gels were destained with 10% acetic acid and 10% methanol, and the protein bands were observed. The proteins were transferred to 0.45 µm polyvinylidene difluoride (PVDF) membranes (Millipore Co., Bedford, MA, USA) using a protein transfer apparatus. To prevent non-specific binding of the primary antibody, the PVDF membranes were incubated with blocking buffer (3% BSA in Tris-buffered saline \[TBS\], pH 7.6) for 1 hour. The membranes were incubated overnight at 4℃ with primary antibodies (pERK1/2, 1:500) and washed three times with 0.05% Tween 20-TBS (TBST). Next, the membranes were incubated for 1 hour with a conjugated goat anti-rabbit IgG secondary antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA; 1:5,000). The membranes were washed with alkaline phosphatase (0.1 M Tris, 0.1 M NaCl, 0.01 MgCl~2~) after being washed twice with TBST. The color reaction used nitro-blue tetrazolium and 5-bromo-4-chloro-3\'-indolyl-phosphate, p-toluidine salt (BCIP).

Awake cystometry
----------------

The bladder pressure was measured in the animal house while the animals were conscious. The catheter inside the bladder was connected to a two-way valve, and a pressure transducer (Research-grade Blood Pressure Transducer; Harvard Apparatus, Holliston, MA, USA) and a micro-injection pump (PHD22/2000 pump; Harvard Apparatus) were connected to it using a T-tube 7 days after the spinal injury. In total, 6.0 mL of normal saline at room temperature was injected into the bladder at 0.06 mL/min, and the change in internal bladder pressure was recorded in a log book. The mean voided volume in a fluid collector connected to the force displacement transducer was recorded.

The base pressure, maximum bladder pressure, voided volume, and frequency of urination were recorded constantly using the MP150 data acquisition system (BIOPAC Systems, Goleta, CA, USA) and the AcqKnowledge software ver. 3.8.1 (BIOPAC Systems).

Data analysis
-------------

Data were analyzed using the SPSS software ver. 11.0 (SPSS Inc., Chicago, IL, USA). Differences in the contractility of tissues treated with different compounds were determined for the CON, SCI, and SCI+TAM groups using an independent t-test. The p-values \<0.05 were considered to indicate statistical significance.

RESULTS
=======

Effects of acetylcholine on voluntary contractions
--------------------------------------------------

In the organ bath study, the contractility in both the SCI group and the SCI+TAM group increased more significantly with the increase in acetylcholine concentration than in the CON group. However, the increase in contractility in the SCI+TAM group was significantly smaller than in the SCI group (p\<0.05) ([Fig. 1](#F1){ref-type="fig"}).

Response to acetylcholine after pre-treatment with AQ-RA741 and 4-DAMP
----------------------------------------------------------------------

The contractility in response to acetylcholine after pretreatment with AQ-RA741 showed no significant difference in the three concentration groups, except in the 10^-4^ M group (p\>0.05) ([Fig. 2](#F2){ref-type="fig"}). The contractility in response to acetylcholine after pre-treatment with 4-DAMP increased more significantly in both the SCI group and the SCI+TAM group than in the CON group, but the SCI+TAM group showed significantly lower results than the SCI group (p\<0.05) ([Fig. 3](#F3){ref-type="fig"}).

Awake cystometry results
------------------------

The urination point was associated with an increase in internal bladder pressure in the CON group, whereas neither the SCI group nor the SCI+TAM group showed any correlation between the increase in internal bladder pressure and urination points ([Fig. 4](#F4){ref-type="fig"}). The internal bladder pressure data are shown in [Fig. 4](#F4){ref-type="fig"} and [Table 1](#T1){ref-type="table"}. The differences in the base pressures and the maximum bladder pressures of the SCI group and the SCI+TAM group versus the CON group were 38.5% and 62.5%, and 63.7% and 47.9%, respectively, showing significant decreases (p\<0.05) ([Fig. 5](#F5){ref-type="fig"}). The differences in the voided volumes and urination frequencies in the SCI group and the SCI+TAM group versus the CON group were 36.8% and 38.6%, and 54.2% and 39.2%, respectively, both showing significant decreases (p\<0.05) ([Fig. 6](#F6){ref-type="fig"}). However, there was no significant difference in the base pressures, maximum bladder pressures, voided volumes, or urination frequencies of the SCI and SCI+TAM groups.

Western blot
------------

The Western blot showed no difference in ERK1/2 expression in the three groups. However, the expression of pERK1/2 decreased significantly (p\<0.05), and that of rho-kinase increased significantly (p\<0.05), in the SCI group than in the CON group or the SCI+TAM group ([Fig. 7](#F7){ref-type="fig"}).

DISCUSSION
==========

In normal bladder physiology, contraction of the muscles of the bladder can be inhibited by an α~1~-adrenergic receptor antagonist \[[@B7]\]. This explains the effect of terazosin, one of the α~1~-adrenergic receptor antagonists that improves compliance of the bladder and increases the bladder volume \[[@B8]\]. Recent studies have also reported the presence and functions of α~1D~-adrenergic receptors in the detrusor \[[@B9]\], and animal studies have shown that α~1~-adrenergic receptors are associated with storage symptoms \[[@B10]\]. A significant change in the α~1~-adrenergic receptor subtypes was observed in animals with bladder obstruction. In the CON group, 70% of the animals had the α~1A~-adrenergic receptor subtype, 16%, α~1D~, and 14%, α~1B~. In the bladder obstruction group, 91% of the animals had the α~1D~-adrenergic receptor subtype, and 5%, α~1A~. These results were taken to mean that the increased expression of the α~1D~-adrenergic receptor subtype then affected urination behavior, and they partly demonstrated a relationship between the symptoms and the α~1D~ receptor subtype \[[@B11]\].

Recent studies have provided more objective evidence of the effects of tamsulosin on the bladder \[[@B12]\]. Tamsulosin is a potent and selective α~1~-adrenergic receptor antagonist that is known to be more effective at the α~1A~ and α~1D~ receptors than the α~1B~ receptor \[[@B13]\]. Tamsulosin also improves bladder storage and urination in patients with spinal injuries in the upper sacrum, and decreases the symptoms associated with abnormal reflexes of the automatic nerve system \[[@B14]\].

The micturition reflex of rats is blocked at the acute stage of a spinal cord injury, but the reflex restarts a few weeks after the injury, causing an overactive bladder \[[@B15]\]. Contraction of the bladder is dependent on parasympathetic stimulation of muscarinic receptors, found in the detrusor \[[@B16]\]. There are five muscarinic receptor subtypes (M1-M5), classified based on molecular biology and pharmacodynamics \[[@B17]\]. A study on competitive binding confirmed that most species have M2 and M3 receptors in their bladders \[[@B18]\]. The frequency of M2 is highest, but the M3 receptor contributes most to contraction of the detrusor \[[@B19]\].

In rats, the bladder becomes more sensitive to acetylcholine, a cholinergic transmitter, after a spinal cord injury. Increased intensity of all muscarinic receptors and a shift from M3 to M2 receptors in rats with a spinal cord injury has been reported, causing an overactive bladder \[[@B3]\]. Another study reported an increase in M2 receptors in the bladder of rats with diabetes \[[@B20]\].

An *in vivo* experiment on functional responses with various stimuli using an organ bath showed that the function of the detrusor originates from the action of the smooth muscles that are blocked in the bladder. Also, the blocked detrusor showed hypersensitivity to the muscarinic antagonists \[[@B21]\] and cholinergic agents in human neuropathic bladder \[[@B22]\].

In this study, the response to acetylcholine *in vitro* showed a statistically significant difference in the SCI and SCI+TAM groups versus the CON group from the lowest concentration of 10^-7^ M, and the bladder was shown to be hypersensitive to the cholinergic agents after the spinal cord injury. Also, there was a significant difference between the SCI group and the SCI+TAM group, attributed to reduced hypersensitivity of the bladder due to the early treatment with tamsulosin. There was no significant difference in the responses to acetylcholine in the three groups when pre-treated with AQ-RA741, to block M2 receptors, but there was a significant difference in the responses to acetylcholine in the CON group and the SCI group and in the SCI group and the SCI+TAM group when they were pre-treated with 4-DAMP, to block M3 receptors. These results were considered to have been because M3 receptors mediate normal bladder contraction, whereas M2 receptors are involved in bladder disorders after a spinal cord injury \[[@B3]\].

ERK1/2 are among the intracellular mediators, and mitogen-activated protein kinase (MAPK) and the activation of muscarinic receptors, particularly M2 receptors, are known to be involved in the formation of pERK1/2 \[[@B23]\]. Rho-kinase was first reported in 1996 by Amano et al. \[[@B24]\] and is known to be involved in smooth muscle contraction by directly phosphorylating the light chain of myosin, without increasing the intercellular Ca^2+^ concentration \[[@B25]\].

There was no significant difference in the expression of ERK1/2 in the three groups. However, the SCI group showed significantly lower expression of pERK1/2, the active form of ERK1/2, and higher expression of rhokinase, than the CON and SCI+TAM groups. The higher expression of rho-kinase in the SCI group was attributable to the injury, based on a previous study \[[@B26]\] that reported increased expression of RhoA mRNA 1 week after spinal injury. Continuous activation of Rho causes rho-kinase dependent myosin light chain phosphorylation, increasing the contractility of the bladder. Based on a study \[[@B27]\] reporting that activation of Rho was involved in the MAPK pathway and showed the opposite action, of inhibiting ERK1/2 or pERK1/2, rho-kinase activation was considered to be related to decreased pERK1/2, but this needs to be confirmed. There was a significant difference in pERK1/2 and rho-kinase expression between the SCI group and the SCI+TAM group. This result was consistent with the *in vitro* results in this study, and early tamsulosin treatment was considered to have partially affected the contraction of the smooth muscles in the bladder after the spinal cord injury. To determine the exact mechanism, further studies on various MAPK pathways are required.

We also used an awake urodynamic test to evaluate bladder function. This awake test has the advantages of not requiring anesthesia and maintaining a normal physiological status during the test. Conventional urodynamic tests in animals use anesthetics, which affect the smooth muscles in the bladder and the central nervous system. As such, normal physiological conditions are not maintained during the test, and the results of the tests have limitations. In the awake urodynamic test used here, the SCI group and the SCI+TAM group showed significantly lower base pressures, maximum bladder pressures, and urination frequencies and volumes than the CON group. These results were attributed to the spinal injury but differed from the typical pattern of an overactive bladder in the *in vitro* organ bath study or the Western blot results, leaving questions as to the use of the awake urodynamic test as an evaluation tool for an overactive bladder model. Jin et al. \[[@B28]\] pointed out that the bladder of rats is thin, fragile, and easily torn. An awake dynamic test of a rat model with interstitial cystitis showed that the abnormally strong and thick wall of the bladder limited the physical motor range of the bladder during urination. As such, increased frequency of urination due to the increased internal bladder pressure has been reported as one of the characteristics of an overactive bladder, rather than increased internal bladder pressure. The typical relationship between pressure and volume in an overactive bladder-increased base pressure and the maximum internal bladder pressure-was not observed in this study during the awake urodynamic test. This was likely attributable to the physical characteristics of the rat bladder, as noted in the previous study. In this study, the rats were sacrificed at 7 days after the spinal cord injury. A previous study \[[@B29]\] reported that a rat model where the spinal segment was sectioned showed no response for 2 weeks and then slowly showed hypersensitivity. As such, the possibility of its full non-recovery from the shock on the 7th day could not be ruled out to explain the non-response in the test. Future studies should confirm the recovery from the spinal injury shock through an electrophysiological study at 2 weeks after the injury. The urodynamic test results of the *in vivo* study did not show a significant difference between the SCI+TAM group and the SCI group. This result may have been due to the insufficiency of the 0.1 mg/kg dose of tamsulosin *in vivo*, although this dose did affect contraction of the bladder *in vitro*. Thus, further studies are required to investigate the effective dose of tamsulosin.

Considering the limitations of this study, further studies on the recovery point in rat models of spinal cord injury from a spinal injury shock, confirmation of the introduction of overactive bladder, the tamsulosin dose and its administration point and evaluation point, and appropriate methodology for the urodynamic test should be performed.

In conclusion, there were significant differences in the responses to acetylcholine in the smooth muscles of the bladder in the CON group and the SCI group/SCI+TAM group. The response to acetylcholine after pre-treatment with AQ-RA741 showed no significant difference in the three groups, whereas the response to acetylcholine after pre-treatment with 4-DAMP did show a significant difference between the CON group and the SCI group and between the SCI group and the SCI+TAM group. These results were attributed to the increased density of the M2 receptor or the increased sensitivity of the muscarinic receptors in the bladder after the spinal cord injury. Early treatment with tamsulosin was shown to affect the contractility of the bladder after a spinal cord injury.
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![Percentage changes in contractility for the CON, SCI, and SCI+TAM groups. The intergroup difference in the percentage changes in contractility was significant. The values are expressed as mean±standard deviation. CON, control; SCI, spinal injury-induced; TAM, tamsulosin. ^\*^Denotes significant difference between the CON group and the others (p\<0.05). ^†^Denotes significant difference between the SCI group and the SCI+TAM group (p\<0.05).](arm-38-433-g001){#F1}

![Percentage changes in contractility after pretreatment with M2 receptor antagonist (AQ-RA) for the CON, SCI, and SCI+TAM groups. The intergroup difference in the percentage changes in contractility was not significant. The values are expressed as mean±standard deviation. CON, control; SCI, spinal injury-induced; TAM, tamsulosin. ^\*^Denotes significant difference between the CON group and the others (p\<0.05).](arm-38-433-g002){#F2}

![Percentage changes in contractility after pretreatment with M3 receptor antagonist (4-DAMP) for the CON, SCI, and SCI+TAM groups. The intergroup difference in the percentage changes in contractility was significant. The values are expressed as mean±standard deviation. CON, control; SCI, spinal injury-induced; TAM, tamsulosin. ^\*^Denotes significant difference between the CON group and the others (p\<0.05). ^†^Denotes significant difference between the SCI group and the SCI+TAM group (p\<0.05).](arm-38-433-g003){#F3}

![Results of awake cystometry. In the control, increases in the pressure of the bladder and urinary voiding time shown a matching pattern. However, the SCI and SCI+TAM groups did not match. The SCI group has a more frequent voiding pattern. CON, control; SCI, spinal injury-induced; TAM, tamsulosin.](arm-38-433-g004){#F4}

![Basal pressure (BP, A) and maximal vesical pressure (MVP, B) of the CON, SCI, and SCI+TAM groups; there are significant difference between the CON group and the others. However, there was no significant difference between the SCI and SCI+TAM groups. CON, control; SCI, spinal injury-induced; TAM, tamsulosin. ^\*^Denotes significant difference between the CON group and the others (p\<0.05).](arm-38-433-g005){#F5}

![Micturition volume (MV, A) and voiding interval time (VIT, B) of the CON, SCI, and SCI+TAM groups; there are significant difference between the CON group and the others. However, there was no significant difference between the SCI and the SCI+TAM groups. CON, control; SCI, spinal injury-induced; TAM, tamsulosin. ^\*^Denotes significant difference between the CON group and the others (p\<0.05).](arm-38-433-g006){#F6}

![Results of Western blot analysis for extracellular signal-regulated kinases 1/2 (ERK1/2, B), phosphorylated ERK1/2 (pERK1/2, C), and rho-kinase (D) in the bladder. (A) shows representative cases for each protein. Note the prominent expression of pERK1/2 and lower expression of rho-kinase in the SCI+TAM group than in the SCI group. (B), (C), and (D) showed the optical density analysis for ERK1/2, pERK1/2, and rho-kinase. CON, control; SCI, spinal injury-induced; TAM, tamsulosin. ^\*^Denotes significant difference between the SCI group and the others (p\<0.05).](arm-38-433-g007){#F7}
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BP, MVP, MV, and VIT of the CON, SCI, and SCI+TAM groups
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Values are presented as mean±standard deviation (%).

There were significant difference between the CON group and the others. However, there was no significant difference between the SCI group and the SCI+TAM group.

CON, control; SCI, spinal injury-induced; TAM, tamsulosin; BP, basal pressure; MVP, maximal vesical pressure; MV, micturition volume; VIT, voiding interval time.

^\*^Denotes significant difference between the CON group and the others (p\<0.05).
